espite the rich innervation of the cerebral vasculature by both sympathetic and parasympathetic nerves [1] , the role of autonomic control in cerebral circulation and, particularly, cerebral hemodynamics is not entirely clear [2] . Previous animal studies have reported inconsistent results regarding the effects of electrical stimulation or denervation on cerebral blood flow (CBF), cerebral pressureflow relationship, and cerebral vessel response to metabolic stimuli [3]- [5] . Moreover, with the advance of transcranial Doppler ultrasound (TCD), which yields accurate measurements of CBF velocity (CBFV) with high time resolution [6] , it has been found that in humans CBFV in the middle cerebral artery decreased substantially during lower body negative pressure (LBNP) and head-up tilt in the absence of systemic hypotension, which suggests the presence of cerebral vasoconstriction associated with augmented sympathetic nerve activity during orthostatic stress [7] . These observations were based on assessing static measures of cerebral circulation, i.e., mean values of artevial blood pressure (ABP) and CBF with a low time resolution.
D
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However, the dynamic nature of cerebral autoregulation has been revealed using TCD measurements, to examine both the CBFV response to experimentally induced ABP changes [8] - [10] and the dynamic relation between spontaneous beat-to-beat ABP and CBFV variations [11] - [14] . These latter studies have revealed that dynamic autoregulation during resting conditions is frequency dependent, with slow ABP changes being attenuated more effectively by the cerebrovascular bed [14] . In this context, autonomic control of dynamic cerebral autoregulation was studied more recently by examining the dynamic relation between beat-to-beat ABP and CBFV variations during autonomic ganglion blockade. Transfer function analysis revealed a significant increase in the gain between ABP and CBFV from 0.02 to 0.07 Hz, suggesting altered autoregulation and active autonomic control [15] .
The cerebrovascular bed is exquisitely sensitive to changes in arterial CO 2 [1] . Recent studies have shown that small, spontaneous fluctuations of arterial CO 2 tension around the mean, assessed by end-tidal CO 2 (P ETCO 2 ) measurements, have a significant effect on slow fluctuations of both CBFV [12] , [16] as well as regional blood flow, assessed by blood oxygen level-dependent functional magnetic resonance imaging [17] , [18] . Furthermore, it has been suggested that cerebral hemodynamics are characterized by nonlinearities, both on the basis of low coherence values between ABP and mean CBFV (MCBFV) below 0.07 Hz [14] and by exploring the use of linear autoregressive models and the presence of nonlinear dynamics [19] . Consequently, we and others have shown that nonlinear Volterra models and/or multivariate models that incorporate P ETCO 2 variability are able to explain a considerably larger fraction of CBFV variability [12] , [13] , [16] , [20] , [21] . The effects of dynamic nonlinearities and CO 2 were found to be more pronounced in the low-frequency (LF) range (particularly below 0.04 Hz) [16] , suggesting that the aforementioned low coherence arises from both these factors [16] , [21] .
The present article examines the role of autonomic neural control on both dynamic pressure autoregulation and CO 2 reactivity in the frequency range between 0.005 and 0.40 Hz by analyzing experimental data from healthy humans and using a nonlinear multivariate modeling approach. The data were obtained during control conditions and autonomic ganglionic blockade, induced by intravenous infusion of trimethaphan. This approach has been successfully used previously to describe cerebral hemodynamics during resting conditions [16] , [20] and orthostatic stress [22] .
Methods

Experimental Methods
Twelve healthy subjects (nine men) with a mean age of 29 AE 6 years, height of 174 AE 10 cm, and weight of 71 AE 10 kg voluntarily participated in this study. No subject smoked or had known medical problems. All subjects signed an informed consent form approved by the Institutional Review Boards of the University of Texas Southwestern Medical Center and Presbyterian Hospital of Dallas. ABP was measured noninvasively with finger photoplethysmography (Finapres), while CBFV was measured continuously in the middle cerebral artery using a 2-MHz TCD probe. Heart rate was monitored by a 12-lead ECG. P ETCO 2 was obtained via a nasal cannula by using a mass spectrometer. The TCD probe was placed over the subject's temporal window and fixed at a constant angle, with a probe holder that was custom-made to fit each subject's facial bone structure.
All experiments were performed in the morning in a quiet, environmentally controlled laboratory. After at least 30 min of supine rest, 6 min of baseline data were collected during spontaneous breathing. Then the subjects performed a Valsalva maneuver with an expiratory strain of 30 mmHg for 15 s. After the baseline Valsalva maneuver, infusion of trimethaphan was performed at a low dose of 3 mg/min. Three minutes after the infusion, the Valsalva maneuver was repeated to evaluate both the heart rate and pressure responses. The infusion dose was increased incrementally by 1 mg/min, until the heart rate response during the Valsalva maneuver was eliminated.
The absence of heart rate response, plus the absence of phase II recovery, and phase IV overshoot of arterial pressure during the Valsalva maneuver demonstrated the efficacy of ganglion blockade on both parasympathetic and sympathetic nerve activity [23] . The ultimate infusion dose used for ganglion blockade was 6-7 mg/min for most subjects in the present study. Once complete blockade was achieved, the infusion of trimethaphan continued at this maximal dosage throughout the experiments. Six minutes of data were then collected after ganglion blockade. Finally, since the LF ABP variability after ganglion blockade was reduced, oscillatory LBNP with a magnitude of 0-5 mmHg at a frequency of 0.05 Hz was applied in ten subjects to simulate LF blood-pressure variability. Six minutes of data were collected under this condition as well.
Mathematical Methods
Beat-to-beat mean ABP (MABP) and MCBFV were obtained by integrating the obtained analog signals within each cardiac cycle. The beatto-beat MABP and MCBFV data, as well as breath-bybreath P ETCO 2 data, were resampled at 1 Hz for subsequent analysis. Steady state and variability (standard deviations around mean value) values for MABP, MCBFV, and P ETCO 2 were calculated for each subject and group averaged during all experimental phases (baseline, ganglion blockade, and simultaneous blockade and LBNP). The power spectral density (PSD) of the signals was estimated by employing the Welch-modified periodogram method [24] . To quantify the spectral power of the hemodynamic signals within specific frequency bands of interest, we integrated the signal PSD over the very low-(VLF; 0.005-0.04 Hz), low-(LF; 0.04-0.15 Hz), and high-frequency (HF) ranges (0.15-0.40 Hz), respectively. These limits were selected on the basis of frequency-domain characteristics of dynamic MABP-MCBFV and P ETCO 2 -MCBFV relationships, as determined by our previous studies [16] . The presence of nonlinearities in cerebral hemodynamics has been suggested in previous studies [12] - [14] , [16] , [19] . Therefore, we employed a two-input, general Volterra model of cerebral hemodynamics to quantitatively describe the dynamic effects of spontaneous MABP and P ETCO 2 changes on MCBFV variations [16] :
where x i : MABP, CO 2 . The linear (Q ¼ 1) and nonlinear (Q > 1) Volterra kernels (k q ) describe the linear and nonlinear effects of MABP and P ETCO 2 (as well as their nonlinear interactions) at time lags (m 1 , . . . , m q ) before the present time lag n on MCBFV and are used to quantify dynamic pressure autoregulation and CO 2 reactivity, respectively. The Volterra kernels were estimated on the basis of MABP, P ETCO 2 , and MCBFV data by employing the Laguerre-Volterra network (LVN) methodology [25] , which combines Laguerre function expansions and networks with polynomial activation functions and has been shown to yield accurate models of nonlinear systems from short input-output records. According to this methodology, the two input signals are convolved with two distinct Laguerre filter banks, with impulse responses given by the discrete-time Laguerre functions of orders up to L 1 and L 2 , respectively. The outputs of the two filter banks are fully connected to K hidden units with polynomial activation functions of order Q. The output of the LVN model is given by the sum of the hidden unit outputs and a constant term [25] . The Volterra kernels in (1) can be expressed in terms of the LVN parameters (i.e., the weights between the filter banks and the hidden units, the polynomial coefficients of the latter, the output constant term, and the parameters of the two filter banks determining the dynamic properties of the Laguerre functions), which are in turn estimated via an iterative gradient descent algorithm from the input-output data. Therefore, dynamic pressure autoregulation and dynamic CO 2 reactivity are described by the Volterra kernels k qxi . . . xi for i ¼ 1 and i ¼ 2, respectively (q ¼ 1, . . . , Q), in the convolutional terms of (1). Further details on the methodology are provided in [25] . Model estimation was performed by using 5-min data segments (300 points) for training and the remaining 1 min for validation purposes. The structural parameters of the LVN models (the number of Laguerre functions corresponding to the two inputs L 1 and L 2 , respectively, the number of hidden units K, and the polynomial order Q) were selected by a multiobjective criterion, i.e., the combined normalized meansquare error (NMSE) of the output prediction that was achieved for the training and validation data sets. The NMSE is defined as the sum of squares of the model residuals (the difference between the model prediction and the true output) divided by the sum of squares of the demeaned true MCBFV output. The statistical significance of the reduction achieved in the prediction NMSE for a model structure of increased order/complexity was assessed by comparing the percentage NMSE reduction with the a-percentile value of a chi-square distribution with Dp degrees of freedom (where Dp is the increase of the number of free parameters of the more complex model and p is equal to (
for a given LVN structure) at a significance level a of 0.05 [26] .
The first-order MABP and P ETCO 2 kernels (k 1MABP and k 1CO 2 ) were computed in the time and frequency domains, by calculating the magnitude of their discrete Fourier transforms (DFT) f 1MABP and f 1CO 2 , respectively, and subsequently group averaged. The second-order MABP and P ETCO 2 self-kernels (k 2MABP and k 2CO 2 ) were obtained in the frequency domain by calculating the magnitude of their two-dimensional (2-D) DFTs (f 2MABP and f 2CO 2 ), respectively. The first-and second-order kernel spectral power was calculated by integrating f 1MABP and f 1CO 2 within the VLF, LF, and HF ranges defined as earlier, as well as f 2MABP and f 2CO 2 
Results
Hemodynamic Signals
As reported previously [15] , the steady-state values of MABP and MCBFV reduced during ganglion blockade, while the steady-state value of P ETCO 2 reduced to a smaller degree (Table 1) . Representative data segments of MABP and MCBFV variations, used for Table 2 . The mean % SE values of the LVN structural parameters and the output prediction NMSEs of the full and linear (Q = 1) models for the selected LVN models for each condition, averaged over all subjects. The averaged NMSE reduction achieved by nonlinear models (Q ¼ 2 or 3). DNMSE is also given in each case. . This is further illustrated in Figure 2 , where we show the spectral power in the VLF and LF ranges, averaged over all subjects. MABP power decreased markedly in the VLF (P < 0.01) and LF (P < 0.001) ranges. P ETCO 2 power exhibited an increasing trend in the VLF and LF ranges, while MCBFV power decreased, albeit less than its MABP counterpart (P ¼ 0.09), in the LF range. In the HF range, no statistically significant differences were observed.
Model Performance
The values of the LVN model structural parameters (i.e., number of Laguerre functions corresponding to the two inputs L 1 and L 2 , number of hidden units K, and polynomial order Q) selected during each experimental condition are given in Table 2 , averaged over all subjects. Nonlinear models (Q ¼ 2 or 3) were shown to perform better than linear models, in terms of reducing the prediction error in a statistically significant manner according to the criterion described in the ''Methods'' section, in almost all cases (52 out of 54). The total number of 54 cases corresponds to 12 subjects during baseline and ganglion blockade and ten subjects during simultaneous ganglion blockade and LBNP. The number of hidden units (K) was selected equal to 3 in 53 out of 54 cases, while the optimal Figure  4) . Moreover, the contribution of the nonlinear model terms, assessed by the difference between the linear and nonlinear model residuals in the frequency domain, was more pronounced in the same range ( Figure 4 ). These general characteristics were preserved during all experimental conditions, despite the aforementioned changes in the spectral characteristics of the hemodynamic signals (mainly MABP) induced by ganglion blockade. The spectral power of the model prediction and its decomposition in MABP, P ETCO 2 , and cross-term components is given in Table 3 , averaged over all subjects. No major differences were observed, except an increase in the HF power of the total model prediction and in the LF and HF power of its MABP component during simultaneous blockade and LBNP. The effect of P ETCO 2 was small in the HF range, while the LF power of the MABP component did not decrease, despite the decrease observed in MABP input power. 
Dynamic Pressure Autoregulation and CO 2 Reactivity
The magnitude of the first-order MABP kernel DFT f 1MABP , which corresponds to the linear component of dynamic pressure autoregulation, is shown in Figure 5 , averaged over all subjects and during all three experimental conditions. Note that all kernels were estimated in units of % change in MCBFV per mm Hg. During baseline, f 1MABP resembled a high-pass characteristic that has been described in previous studies [12] , [14] , [16] , which suggests that slow MABP oscillations are attenuated more efficiently. During ganglion blockade (both without and with simultaneous LBNP), f 1MABP was altered to a bandpass characteristic, and its values increased in the VLF and LF ranges [ Figure 5(a) ]. The form of the dynamic CO 2 reactivity linear component frequency response f 1CO 2 did not change considerably, exhibiting a lowpass characteristic during all conditions [ Figure 5(b) ]. This suggests that slow CO 2 changes have a more pronounced effect on MCBFV variability. However, its values reduced during ganglion blockade. The 2-D DFT magnitude of the second-order autoregulation and CO 2 reactivity model components (f 2MABP and f 2CO 2 ) are shown in Figure 6 , averaged over all subjects. Most of their power resided below 0.15 Hz, and they were affected by trimethaphan similar to their first-order counterparts, i.e., the values of f 2MABP and f 2CO 2 increased and decreased, respectively.
To further quantify the earlier observations, we show the spectral power of the first-and second-order model components, averaged over all subjects, in Figure 7 Spontaneous CO 2 variability has a pronounced effect on cerebral blood flow velocity in the very low frequency range.
On the other hand, despite the decrease observed in the values of f 1CO 2 [ Figure 5(b) ], the differences in the k 1CO 2 spectral power were not statistically significant (though marginally significant in some cases). This was mainly due to the variability of the individual estimates, which was more pronounced for the P ETCO 2 model terms. Finally, the second-order components exhibited similar trends to their first-order counterparts, with the differences being marginally significant in the LF range for the MABP and P ETCO 2 components (P ¼ 0.08 and P ¼ 0.06, respectively) between baseline and ganglion blockade (without LBNP).
Discussion
We have examined the effects of autonomic blockade on cerebral hemodynamics in the entire frequency range between 0.005 and 0.40 Hz by analyzing experimental measurements of spontaneous MABP, P ETCO 2 , and MCBFV variations with a nonlinear, two-input model, which assessed dynamic pressure autoregulation and CO 2 reactivity simultaneously. The main findings were as follows: 1) The characteristics of dynamic pressure autoregulation were altered considerably in the VLF and LF ranges (below 0.15 Hz), suggesting that slow MABP variations are not attenuated as effectively during ganglion blockade. This was observed during simultaneous LBNP as well, which restored some of the LF MABP variability that was abolished during blockade. 2) Reactivity to spontaneous CO 2 changes reduced during ganglion blockade; however, these differences were not as pronounced as for dynamic autoregulation. These findings extend previous observations regarding ganglion blockade-induced changes in the characteristics of the hemodynamic time series, i.e., a profound decrease in the MABP power between 0.02 and 0.07 Hz [15] , [27] , as well as an increase in the transfer function gain between MABP and MCBFV and a diminished phase lead of MCBFV in the same frequency range [15] . Spectral analysis provides information about the relative magnitude of different oscillatory patterns that are present in the hemodynamic time series ( Figure 2) ; however, it does not provide any information about whether these patterns are correlated and at which frequencies. This information is provided by the estimated dynamic models (Figures 5-7) , which suggest that slow MABP changes are attenuated more effectively during baseline (high-pass characteristic, Figure 5 ). During ganglionic blockade, VLF and (particularly) LF MABP power reduced (Figure 2 ), but the spectral power of both the first-and secondorder MABP model components [k 1MABP and k 2MABP in (1)], which quantify dynamic pressure autoregulation, increased ( Figure 7) . As a result, the power of the MABP contribution did not decrease, and it accounted for a significant fraction of slow Ganglionic blockade altered the high-pass characteristic of dynamic pressure autoregulation to a band-pass characteristic.
MCBFV variations (Table 3) . On the other hand, the spectral power of P ETCO 2 increased during ganglionic blockade (Figure 2) , but the power of the dynamic CO 2 reactivity model components decreased (Figure 7) , so the net effect was a (nonsignificant) decrease in the power of the P ETCO 2 contribution (Table 3) . Overall, the power of the MCBFV variability accounted by the model did not change during ganglion blockade (Table 3) . Finally, the HF MCBFV power was predominantly accounted by MABP fluctuations (P ETCO 2 has a very small effect in this range, Table 3 ) and the linear and nonlinear dynamic autoregulation kernels were not affected ( Figures 5 and 7, right panels) . The use of CBFV as an index for CBF has been discussed extensively [28] , [29] . CBFV changes reflect CBF changes if the cross-sectional area of the insonated vessel remains relatively constant. It has been found that the diameter of the middle cerebral artery does not change in humans significantly during moderate LBNP (up to À40 mmHg) or during changes in P ETCO 2 [28] , [29] . Therefore, we assumed that beat-to-beat MCBFV changes were a good index of beat-to-beat CBF changes.
Volterra-Wiener models have been employed extensively in the context of physiological systems [30] . This approach is well suited to the complexity of such systems, because it yields rigorous mathematical descriptions from input-output data, without requiring any a priori assumptions about system structure. The advantage of the LVN methodology is that it requires a substantially smaller number of free parameters compared with other techniques, such as cross-correlation or standard function expansions. Although this number depends exponentially on the system nonlinear order for alternative approaches, it depends linearly upon system order for the LVN approach [25] . For instance, in the case K ¼ 3, which was selected in 53 of 54 cases, second-and third-order models (Q ¼ 2, 3) required the estimation of only three and six additional free parameters compared with their linear counterparts. The performance of the obtained models was evaluated by using a multiobjective NMSE criterion instead of using only validation data, since cerebral hemodynamics are characterized by nonstationarities [16] , [19] . By taking into account both in-sample and out-of-sample performance, we sought to avoid overfitting and biases because of possible nonstationarities in system dynamics. Note that we compared the results regarding model order obtained with the employed statistical criterion with the other statistical criteria used frequently, i.e., the Akaike and Bayesian information criteria (AIC and BIC), which yielded similar results. However, the ranges of parameter values were more robust for the employed c 2 criterion. Moreover, this criterion was more conservative with respect to nonlinear models; according to the AIC and BIC, and in only one out of 54 cases were nonlinear models found not to perform better than linear models.
The fact that the observed changes were generally maintained during simultaneous ganglion blockade and LBNP suggests that they are not due to the pronounced changes in the spectral characteristics of the hemodynamic signals induced by trimethapan infusion (Figure 2 ), which could have affected the model estimates. Moreover, if either nonlinearities or CO 2 effects are not taken into account, the estimates of dynamic autoregulation and/or CO 2 reactivity may also be affected, particularly in the VLF range, where the effects of MABP and CO 2 are both pronounced and possibly correlated [16] , [21] . Note that the effects of autonomic blockade below 0.02 Hz were not examined in a previous study utilizing the same experimental data [15] , because of the low coherence between MABP and MCBFV in the VLF range. Our results generally agree with this latter study, which reported increased transfer function gain values between MABP and MCBFV and a diminished phase lead of MCBFV between 0.02 and 0.07 Hz. We have extended these observations by quantifying hemodynamics down to 0.005 Hz in a nonlinear context and obtaining estimates of dynamic CO 2 reactivity. In summary, our results suggest an active role of the autonomic nervous system in the dynamic regulation of CBF. 
